Introduction {#H1-1-ZOI190465}
============

The New Vaccine Surveillance Network (NVSN) has continuously monitored the effects and effectiveness of licensed rotavirus vaccines since the recommendation for universal US infant rotavirus vaccination by the Advisory Committee on Immunization Practices (ACIP).^[@zoi190465r1]^ These live, attenuated, oral vaccines (RotaTeq \[RV5; Merck & Co\] and Rotarix \[RV1; GlaxoSmithKline Biologicals\]) performed well in prelicensure clinical trials^[@zoi190465r2],[@zoi190465r3],[@zoi190465r4],[@zoi190465r5]^ and were recommended by the ACIP in 2006 and 2008, respectively.

During the last decade, as the ‎US rotavirus vaccination program has matured, precipitous decreases have been sustained in US hospitalizations^[@zoi190465r6],[@zoi190465r7],[@zoi190465r8]^ and emergency department (ED) visits^[@zoi190465r9],[@zoi190465r10]^ attributable to rotavirus gastroenteritis. However, this evidence of a public health effect may sometimes seem incongruous in relation to patient-level detections of rotavirus in children, particularly with the recent advent of highly sensitive multipathogen laboratory tests that potentially detect rotavirus shed from recently resolved infections and mild illnesses and even live-attenuated rotavirus vaccine virus shed naturally after immunization. Unbiased assessments of rotavirus vaccine effectiveness are important to maintain the public confidence in the US rotavirus immunization policy. Furthermore, rigorous US vaccine performance assessments inform and influence policy makers throughout the world on the initiation and continuation of their own rotavirus vaccination programs.

We conducted active rotavirus surveillance at 7 geographically diverse US pediatric medical institutions participating in the NVSN using a common protocol for participant enrollment, data collection, and laboratory confirmation from November 1, 2009, through June 30, 2016. To discern trends in rotavirus vaccine effectiveness during an extended period, we standardized and aggregated published NVSN data from 4 years (2010-2013)^[@zoi190465r11],[@zoi190465r12]^ with previously unpublished NVSN data from 3 years (2014-2016). This accrual of comparable methods and case ascertainment across time allows an evaluation of rotavirus vaccine performance in the United States with large sample sizes, precision in results, and the ability to measure changes in rotavirus vaccine effectiveness over time.

Methods {#H1-2-ZOI190465}
=======

Definition and Enrollment of Children {#H2-1-ZOI190465}
-------------------------------------

Active, prospective surveillance through NVSN is funded by the US Centers for Disease Control and Prevention (CDC), and methods have been previously published.^[@zoi190465r13]^ Seven surveillance sites participated in this surveillance network, including Seattle Children's Hospital (Seattle, Washington), University of Rochester School of Medicine and Dentistry (Rochester, New York), Monroe Carrell Jr Children's Hospital at Vanderbilt (Nashville, Tennessee), Texas Children's Hospital (Houston), Cincinnati Children's Hospital Medical Center, (Cincinnati, Ohio), Children's Mercy (Kansas City, Missouri), and UCSF (University of California, San Francisco) Benioff Children's Hospital Oakland (Oakland). Institutional review board approval was obtained from the CDC and each study site, and all parents or guardians of participants provided written informed consent. Analysis and reporting of results were conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology ([STROBE](http://www.equator-network.org/reporting-guidelines/strobe/)) reporting guidelines for case-control studies.^[@zoi190465r14]^

Enrollment occurred from November 1, 2009, through June 30, 2010 (study year 2010), November 1, 2010, through June 30, 2011 (study year 2011), and December 1 through November 30, 2012, 2013, 2014, and 2015 (study years 2012-2015). Study year 2016 ranged from December 1, 2015, through June 30, 2016. USCF Benioff Children's Hospital Oakland was included in all years except 2010 and 2012. These differences in enrollment were due to modifications to surveillance grant support during the study period.

The NVSN used common surveillance and laboratory protocols across all sites during the 2010 to 2016 period covered by this analysis. Children younger than 5 years were enrolled with informed consent from a parent or guardian on hospitalization or while visiting the ED with acute gastroenteritis (AGE), defined as diarrhea (≥3 episodes within 24 hours) and/or vomiting (≥1 episode within 24 hours). Exclusionary criteria involved indications of a noninfectious etiology, a history of immune deficiency, previous enrollment for the same AGE episode, or transfer from another hospital. Children who were originally enrolled in the ED but were subsequently hospitalized for the same illness were categorized as inpatients.

Specimen Collection and Case Determination {#H2-2-ZOI190465}
------------------------------------------

Whole stool specimens were obtained within 10 days after AGE symptom onset, with more than 95% of specimens obtained within 7 days after onset. Surveillance sites first tested specimens using an enzyme immunoassay (EIA) (Premier Rotaclone; Meridian Bioscience, Inc). Specimens were shipped to the CDC, where rotavirus strains were genotyped using reverse transcription--polymerase chain reaction (RT-PCR) assays and nucleotide sequencing.^[@zoi190465r15]^ Specimens that could not be genotyped were retested by EIA and real-time RT-PCR assay at the CDC. Any confirmed positive result led to a test-positive case designation. Specimens failing all CDC confirmatory analyses (\<1%) were deemed to have indeterminate test results and were removed from the analytical data set.

Cases were defined as children with AGE symptoms who were hospitalized or treated in the ED and had a confirmed positive test result for rotavirus in the stool specimen during that AGE episode. Data from cases were compared with those from children with AGE whose specimens had negative test results for rotavirus by EIA (controls).

Vaccine Effectiveness Analyses {#H2-3-ZOI190465}
------------------------------

Rotavirus immunization status was verified, as in previous publications,^[@zoi190465r11],[@zoi190465r12],[@zoi190465r13]^ by obtaining vaccine records from primary care physicians or health care professionals and/or regional immunization information systems. Vaccine doses were defined as valid if given at least 14 days before onset of symptoms for the cases and controls. Children included in this study were required to be born on or after April 1, 2006, for RV5 analyses and on or after August 1, 2008, for RV1 analyses to ensure vaccine age eligibility following published ACIP recommendations.^[@zoi190465r1]^ We restricted analyses to cases and controls who had reached the maximum ACIP-recommended age for completion of the vaccine series within the recommended age window (maximum age for the last dose, 8 months 0 days) to control for residual confounding by age at the time of last dose for both vaccine types.

We limited this analysis to children younger than 5 years across the 7-year study period. A test-negative case-control design was used to estimate the vaccine effectiveness, with cases defined as children age eligible to receive rotavirus vaccine who had a stool specimen with confirmed results positive for rotavirus and controls defined as children whose stool specimens had confirmed results negative for rotavirus. Vaccine effectiveness was calculated using the formula (1 − odds ratio) × 100 to estimate the preventive effect of rotavirus vaccines on rotavirus-associated hospitalizations and ED visits. Stratified vaccine effectiveness estimates were calculated by enrollment year, severity classification, age, vaccine product type, and vaccine dose number. A separate model was fit for each stratified estimate. The variables used in our models included surveillance site, month and year of birth, and month and year of enrollment. Adjusted odds ratios and 95% CIs were calculated by logistic regression and were adjusted for month and year of birth, month and year of symptom onset, and surveillance site. We calculated rotavirus vaccine effectiveness for those receiving at least 1 dose of a rotavirus vaccine by clinical setting over time, by severity classification, and by age, as well as by complete courses of RV5 only and RV1 only and by a mixed series of 3 doses of either RV5 or RV1 considered by the ACIP to constitute a complete course.^[@zoi190465r1]^ We presented an aggregate vaccine effectiveness for any dose of either rotavirus vaccine type.

Statistical Analysis {#H2-4-ZOI190465}
--------------------

Data were analyzed from November 1, 2009, through June 30, 2016. We compared demographic and socioeconomic data for cases and controls using Wilcoxon rank sum tests for continuous variables and χ^2^ tests for categorical variables. Tests of statistical significance were 2-sided, and *P* \< .05 was considered statistically significant. We assessed the clinical severity of AGE illnesses by calculating a modified Vesikari Severity Score (VSS)^[@zoi190465r12]^ with severity classifications of mild (score ≤10), moderate (score 11-15), and severe (score ≥16) by clinical setting.

Results {#H1-3-ZOI190465}
=======

Characteristics of Cases and Controls {#H2-5-ZOI190465}
-------------------------------------

Our vaccine effectiveness analysis included a total of 1193 laboratory-confirmed cases and 9620 controls, for a total of 10 813 participants (5927 boys \[54.8%\] and 4886 girls \[45.2%\]; median \[range\] age, 21 \[8-59\] months). By clinical setting, 360 cases (30.2%) were inpatients and 833 cases (69.8%) visited the ED. The RV5-specific, full-course vaccine effectiveness analysis included 860 rotavirus cases and 5736 controls. The RV1-specific, full-course vaccine effectiveness analysis included 378 rotavirus cases and 2461 controls ([Table](#zoi190465t1){ref-type="table"}).

###### Description of NVSN Participants Enrolled in RV5 and RV1 Analytical Data Sets[^a^](#zoi190465t1n1){ref-type="table-fn"}

  Variables                   RV5 Full-Course Analysis   *P* Value[^b^](#zoi190465t1n2){ref-type="table-fn"}   RV1 Full-Course Analysis   *P* Value[^b^](#zoi190465t1n2){ref-type="table-fn"}                 
  --------------------------- -------------------------- ----------------------------------------------------- -------------------------- ----------------------------------------------------- ------------- --------
  Age, median (range), mo     26 (8-59)                  21 (8-59)                                             \<.001                     22 (8-59)                                             19 (8-59)     \<.001
  Sex, No. (%)                                                                                                                                                                                                
  Male                        464 (54.0)                 3136 (54.7)                                           .69                        213 (56.3)                                            1343 (54.6)   .52
  Female                      396 (46.0)                 2600 (45.3)                                           165 (43.7)                 1118 (45.4)                                                         
  Race, No. (%)                                                                                                                                                                                               
  White                       535 (62.2)                 3310 (57.7)                                           .01                        163 (43.1)                                            864 (35.1)    .01
  Black                       215 (25.0)                 1450 (25.3)                                           155 (41.0)                 1097 (44.6)                                                         
  Other                       110 (12.8)                 976 (17.0)                                            60 (15.9)                  500 (20.3)                                                          
  Ethnicity, No. (%)                                                                                                                                                                                          
  Hispanic                    340 (39.5)                 2489 (43.4)                                           .05                        96 (25.4)                                             656 (26.7)    .86
  Non-Hispanic                518 (60.2)                 3242 (56.5)                                           282 (74.6)                 1802 (73.2)                                                         
  Other or unknown            2 (0.2)                    5 (0.1)                                               0                          3 (0.1)                                                             
  Insurance, No. (%)                                                                                                                                                                                          
  Private                     240 (27.9)                 1348 (23.5)                                           .01                        73 (19.3)                                             321 (13.0)    \<.001
  Public or none              620 (72.1)                 4388 (76.5)                                           305 (80.7)                 2140 (87.0)                                                         
  Clinical setting, No. (%)                                                                                                                                                                                   
  Inpatient                   286 (33.3)                 1151 (20.1)                                           \<.001                     125 (33.1)                                            448 (18.2)    \<.001
  ED                          574 (66.7)                 4585 (79.9)                                           253 (66.9)                 2013 (81.8)                                                         
  Year, No. (%)                                                                                                                                                                                               
  2010                        91 (10.6)                  660 (11.5)                                            \<.001                     5 (1.3)                                               48 (2.0)      \<.001
  2011                        205 (23.8)                 689 (12.0)                                            51 (13.5)                  84 (3.4)                                                            
  2012                        50 (5.8)                   821 (14.3)                                            15 (4.0)                   297 (12.1)                                                          
  2013                        218 (25.3)                 964 (16.8)                                            84 (22.2)                  434 (17.6)                                                          
  2014                        81 (9.4)                   1054 (18.4)                                           50 (13.2)                  613 (24.9)                                                          
  2015                        189 (22.0)                 1021 (17.8)                                           152 (40.2)                 683 (27.8)                                                          
  2016                        26 (3.0)                   527 (9.2)                                             21 (5.6)                   302 (12.3)                                                          
  Site location, No. (%)                                                                                                                                                                                      
  Oakland, California         87 (10.1)                  700 (12.2)                                            \<.001                     46 (12.2)                                             284 (11.5)    \<.001
  Seattle, Washington         94 (10.9)                  658 (11.5)                                            19 (5.0)                   85 (3.5)                                                            
  Kansas City, Missouri       127 (14.8)                 692 (12.1)                                            157 (41.5)                 1032 (41.9)                                                         
  Houston, Texas              329 (38.3)                 1792 (31.2)                                           42 (11.1)                  93 (3.8)                                                            
  Nashville, Tennessee        118 (13.7)                 900 (15.7)                                            10 (2.6)                   118 (4.8)                                                           
  Cincinnati, Ohio            62 (7.2)                   533 (9.3)                                             74 (19.6)                  644 (26.2)                                                          
  Rochester, New York         43 (5.0)                   461 (8.0)                                             30 (7.9)                   205 (8.3)                                                           

Abbreviations: AGE, acute gastroenteritis; ED, emergency department; RV1, Rotarix; RV5, RotaTeq.

Percentages have been rounded and may not total 100.

Calculated using univariate *t* tests.

In the RV5 and RV1 analyses, rotavirus cases were more often white (RV5, 535 \[62.2%\] vs 3310 \[57.7%\]; RV1, 163 \[43.1%\] vs 864 \[35.1%\]), privately insured (RV5, 620 \[72.1%\] vs 4388 \[76.5%\]; RV1, 305 \[80.7%\] vs 2140 \[87.0%\]), and older (median \[range\] age for RV5, 26 \[8-59\] months vs 21 \[8-59\] months; median \[range\] age for RV1, 22 \[8-59\] months vs 19 \[8-59\] months) compared with controls, but did not differ by sex ([Table](#zoi190465t1){ref-type="table"}). Vaccination status did not significantly differ by health insurance status, a potential proxy of health care--seeking behavior.

Vesikari Severity Scores {#H2-6-ZOI190465}
------------------------

We assessed clinical severity for 4 groups over time, comparing rotavirus infection status (cases vs controls) and whether rotavirus vaccine was received (any dose) for 1031 rotavirus cases and 8496 controls with full clinical severity data. Cases who were not vaccinated had infections of significantly greater severity compared with cases receiving at least 1 dose of rotavirus vaccine (median \[range\] VSS, 13 \[3-19\] vs 11 \[2-18\]). A severe VSS classification was assigned nearly 4 times as often for cases without vaccination compared with cases who were vaccinated (74 of 426 \[17.4%\] vs 28 of 605 \[4.6%\]). In comparison, controls had a median (range) VSS of 9 (2-19), regardless of vaccination status.

Distribution of Rotavirus Cases by Time, Clinical Setting, and Age {#H2-7-ZOI190465}
------------------------------------------------------------------

The introduction of rotavirus vaccines altered the historically annual peaks in US rotavirus incidence in favor of a new, biennial epidemiologic pattern of tempered incidence,^[@zoi190465r16]^ a phenomenon also observed in a multicenter network of pediatric hospitals^[@zoi190465r17]^ ([Figure 1](#zoi190465f1){ref-type="fig"}). Accordingly, the distribution of rotavirus cases in our vaccine effectiveness analysis also varied from year to year, with a higher incidence of cases occurring during odd-numbered years. During these odd-numbered years, rotavirus cases were older (median \[range\] age, 25 \[8-59\] months) compared with cases observed during even-numbered years (median \[range\] age, 23 \[8-59\] months among ED cases but similar \[median {range} age, 26 {8-59} months\] for both sets of years among the smaller sample of inpatients).

![Rotavirus Vaccine Effectiveness (VE)\
Bar graph depicts effectiveness of at least 1 dose of vaccine in preventing inpatient or emergency department visits for acute gastroenteritis among children younger than 5 years, 2010 to 2016. Rotavirus positivity is depicted as percentage of inpatients admitted with acute gastroenteritis with positive results of testing for rotavirus. Rotavirus vaccine coverage was measured from the same population under active surveillance in Staat et al.^[@zoi190465r17]^ Error bars indicate 95% CIs.](jamanetwopen-2-e1912242-g001){#zoi190465f1}

Vaccine Effectiveness Results {#H2-8-ZOI190465}
-----------------------------

Across the 7 years studied, a mean of 87% (median \[range\], 89% \[79%-93%\]) of all children enrolled in the NVSN had received any dose of rotavirus vaccine within the age window recommended by the ACIP ([Figure 1](#zoi190465f1){ref-type="fig"}). Similar to overall NVSN surveillance, 9195 (85.0%) of the subset of children included in our vaccine effectiveness analyses were vaccinated. Of the 1193 rotavirus cases in our analysis, 711 (60.0%) had received at least 1 dose of rotavirus vaccine. Of the 9620 controls, 8484 (88.2%) had been similarly vaccinated.

### Vaccine Effectiveness for Those Receiving at Least 1 Dose of Rotavirus Vaccine {#H3-1-ZOI190465}

The 2010 to 2016 aggregate effectiveness of at least 1 dose of rotavirus vaccine to prevent a rotavirus-associated hospitalization or ED visit for AGE among US children younger than 5 years was 79% (95% CI, 76%-82%) ([Figure 2](#zoi190465f2){ref-type="fig"}). Stratified by clinical setting, any dose of rotavirus vaccine was 82% (95% CI, 77%-86%) protective against inpatient visits during these 7 years ([Figure 1](#zoi190465f1){ref-type="fig"}). Inpatient rotavirus vaccine effectiveness remained consistently high, ranging from 78% (in 2015) to 92% (in 2016), with no statistically significant downward trend detected over time for either rotavirus vaccine. Oscillations in inpatient vaccine effectiveness estimates were observed to occur biennially but were not statistically different, with 84% vaccine effectiveness in even-numbered years (95% CI, 76%-89%) compared with 81% vaccine effectiveness in odd-numbered years (95% CI, 73%-86%) ([Figure 1](#zoi190465f1){ref-type="fig"}).

![Aggregate Rotavirus Vaccine Effectiveness\
Graph depicts effectiveness of at least 1 vaccine dose in preventing inpatient or emergency department visits for acute gastroenteritis among children younger than 5 years, 2010 to 2016. Error bars indicate 95% CIs.](jamanetwopen-2-e1912242-g002){#zoi190465f2}

Any dose of rotavirus vaccine was 75% (95% CI, 71%-79%) effective in preventing ED visits attributed to rotavirus gastroenteritis during these 7 years ([Figure 1](#zoi190465f1){ref-type="fig"}). Despite lower vaccine effectiveness point estimates for the ED clinical setting in the last 3 years of our study (including a nonsignificant ED vaccine effectiveness estimate for 2016), declines were not statistically significant for either rotavirus vaccine over time. Statistically nonsignificant oscillations in vaccine effectiveness estimates again occurred biennially in the ED clinical setting. However, in contrast to the inpatient trend, slightly higher vaccine effectiveness occurred in the ED during the odd-numbered years (77%; 95% CI, 71%-81%) compared with even-numbered years (71%; 95% CI, 61%-79%) ([Figure 1](#zoi190465f1){ref-type="fig"}).

Because the VSS classification incorporates a severity value for hospitalization, we calculated vaccine effectiveness estimates separately for each clinical setting, as well as combined inpatient and ED estimates ([Figure 3](#zoi190465f3){ref-type="fig"}). A consistent gradation in vaccine effectiveness by severity existed, with vaccine protection greatest for more severe infections. In the combined clinical setting, any dose of rotavirus vaccine was 65% (95% CI, 56%-73%) effective against mild infections, 81% (95% CI, 76%-84%) against moderate infections, and 91% (95% CI, 85%-95%) against severe infections.

![Rotavirus Vaccine Effectiveness by Disease Severity Classification and Clinical Setting\
Graph depicts effectiveness of at least 1 vaccine dose among children younger than 5 years, 2010 to 2016. Classification of disease severity is determined using the modified Vesikari Severity Score^[@zoi190465r12]^ (mild indicates ≤10; moderate, 11-15; and severe, ≥16). Error bars indicate 95% CIs. ED indicates emergency department.](jamanetwopen-2-e1912242-g003){#zoi190465f3}

### Vaccine Effectiveness for Full Courses of RV5 and RV1 {#H3-2-ZOI190465}

Among children younger than 5 years, the vaccine effectiveness against inpatient and ED visits was 81% (95% CI, 78%-84%) for RV5 and 78% (95% CI, 72%-82%) for RV1, and no statistical differences in vaccine performance were observed in this aggregate analysis ([Figure 4](#zoi190465f4){ref-type="fig"}). RV5 had its highest vaccine effectiveness in the first 3 years of life, ranging from 83% (95% CI, 77%-88%) to 87% (95% CI, 79%-92%). In the fourth and fifth years of life, RV5 protection was statistically lower than in the previous 3 years, at 71% (95% CI, 57%-80%) and then 64% (95% CI, 42%-78%), respectively (*P* = .008).

![Rotavirus Vaccine Effectiveness for Complete Courses and Mixed Doses for Both Vaccines\
Graph depicts effectiveness in preventing inpatient and emergency department clinical visits for acute gastroenteritis by year of life, 2010 to 2016. RV1 indicates Rotarix; RV5, RotaTeq. Error bars indicate 95% CIs.](jamanetwopen-2-e1912242-g004){#zoi190465f4}

For RV1, vaccine effectiveness was similarly high in the first 3 years of life, ranging from 74% (95% CI, 59%-84%) to 83% (95% CI, 68%-92%). In the fourth year of life, protection was lower (51%; 95% CI, −6% to 77%) (*P* = .04), before rebounding to its highest level in the fifth year of life (90%; 95% CI, 46%-98%).

### Vaccine Effectiveness for a Mixed Course of RV5 and RV1 {#H3-3-ZOI190465}

We analyzed vaccine effectiveness for a mixed series of RV5 and RV1 vaccines pursuant to the ACIP recommendation that a child's rotavirus vaccine series be completed with the same product whenever possible,^[@zoi190465r1]^ but allowing interchanging vaccine types if the product used for a previous dose(s) is not available or is unknown. Among children younger than 5 years, the vaccine effectiveness of these mixed courses was 86% (95% CI, 74%-93%) against inpatient and ED visits ([Figure 4](#zoi190465f4){ref-type="fig"}).

Discussion {#H1-4-ZOI190465}
==========

Through 7 years of accumulated active surveillance results from geographically diverse pediatric medical institutions, our vaccine effectiveness assessment supports that RV5 and RV1 rotavirus vaccines continue to perform well in the United States and are associated with the prevention of inpatient visits, severe infections, and among younger children. Our findings suggest several important considerations regarding measurements of rotavirus vaccine effectiveness in the United States during the postlicensure era.

Rotavirus vaccine effectiveness was highest in preventing the most severe cases of rotavirus gastroenteritis, and even 1 dose of rotavirus vaccine appeared to be associated with less severe outcomes. Unvaccinated rotavirus cases were classified as having severe infections 4 times more often than vaccinated rotavirus cases. As with naturally acquired rotavirus exposures throughout childhood, which typically result in diarrheal episodes of decreasing severity, these live, attenuated rotavirus vaccines immunologically mimic an early exposure to rotavirus without causing symptomatic infection.^[@zoi190465r18]^ Vaccination led to reduced clinical severity among participants enrolled in the early rotavirus vaccine efficacy trials^[@zoi190465r19],[@zoi190465r20]^ and appears to remain true in the real-world setting of our phase 4 postlicensure assessment: RV1 and RV5 vaccines significantly reduce the clinical severity of rotavirus infections in childhood, and this finding alone is considered a successful outcome of vaccination.

Aggregate vaccine performance for RV5 and RV1 was statistically indistinguishable, and mixed courses of both vaccines appeared to be highly effective. Previously published RV5 (3-dose) vaccine effectiveness results from the NVSN for the first (range, 85%^[@zoi190465r11]^ to 91%^[@zoi190465r12]^), second (range, 82%^[@zoi190465r12]^ to 90%^[@zoi190465r17]^), third (range, 83%^[@zoi190465r11]^ to 88%^[@zoi190465r12]^), and fourth (range, 76%^[@zoi190465r12]^ to 79%^[@zoi190465r11]^) years of life were comparable to our findings. Our RV1 findings for these age groupings have greater study power and further clarify these previously published results. Earlier RV1 vaccine effectiveness estimates were previously derived from smaller samples, reflecting the delayed uptake of RV1 coverage across the United States.

We found that vaccine effectiveness for mixed-dose rotavirus vaccination course was 86% and was therefore potentially more protective, but this finding did not reach statistical significance. However, when added to previously published estimates (vaccine effectiveness, 80%),^[@zoi190465r21]^ this further demonstrates that the estimated 100 000 US children who annually receive a mixed course of rotavirus vaccines are adequately protected. Although our data do not explain why a mixed course of rotavirus vaccines might be associated with higher overall protection than either vaccine alone, one hypothesis warranting further evaluation is whether receiving both vaccine types accrues specific immunologic benefits from each. Given the nonrandomized nature of our study, differences in estimated vaccine effectiveness might also be due to unmeasured, and thus unadjusted, confounding.

In longitudinal cohort studies conducted in Mexico City and Vellore, India,^[@zoi190465r22]^ child age was associated with a decreased probability of further moderate to severe rotavirus infections. These cohort studies showed that rotavirus vaccine performance was associated with the age at which earliest infections occur. If applicable to US children, who are now born in an era of biennial oscillations in rotavirus incidence,^[@zoi190465r15]^ the mean age of earliest rotavirus exposures may change depending on the annual birth cohort. Distinct annual birth cohorts of US children having differential probabilities in the age of first naturally acquired rotavirus exposures may potentially result in cohort-specific fluctuations in vaccine performance, a phenomenon that should not necessarily be equated with waning immunity.^[@zoi190465r23]^ A further hypothesis involves the effect of season of birth on immunologic responses to vaccination,^[@zoi190465r24]^ which may affect immunologic responses to vaccination. A longitudinal follow-up of specific birth cohorts in the postlicensure era may clarify these hypotheses. However, biennial oscillations in rotavirus incidence complicate our postlicensure-era understanding of long-term rotavirus vaccine performance in the United States.

Although rotavirus vaccine effectiveness was high among children during their earliest 3 years of life for both vaccines, fluctuations---but not always decreases---in vaccine effectiveness estimates were observed among older children. For instance, although we observed significantly lower RV1 protection in the fourth year of life, we provide the first US evidence that RV1 vaccine effectiveness in the fifth year of life (90%) was the highest of all studied age groups. Further mechanisms by which age influences protection against subsequent severe infections may include immune system maturity, greater likelihood of immunologic memory of prior rotavirus exposures, and lower likelihood of dehydration owing to a larger body mass and a greater ability to rehydrate independently.

Our study detected oscillations in inpatient and ED vaccine effectiveness estimates corresponding inversely with the biennial epidemiologic pattern of rotavirus incidence. In vaccine effectiveness analyses using pooled inpatient and ED data, these oscillations by clinical setting may be masked. Even-numbered years had the highest inpatient vaccine effectiveness (84% vs 81%), and odd-numbered years had the highest ED vaccine effectiveness (77% vs 71%) ([Figure 1](#zoi190465f1){ref-type="fig"}). We hypothesize that children who receive a vaccination and acquire a rotavirus infection of diminished severity or at an older age may be less likely to be hospitalized and may instead be rehydrated in the ED without escalating to inpatient care. Such a situation would have the epidemiologic effect that we observed in our calculations: A disproportionately higher concentration of patients with vaccine failures receiving care in the ED clinical setting would drive vaccine effectiveness down, and a lower concentration of cases who received vaccinations escalated to the inpatient setting would drive vaccine effectiveness up. This epidemiologic phenomenon could occur without any net increase in rotavirus cases overall.

These vaccine performance estimates have the highest statistical power yet published by the NVSN for RV5 and RV1. Furthermore, they include a geographically diverse sample that, when compared with the 2016 US bridged race postcensal estimates,^[@zoi190465r25]^ adequately represent US children of black race and Hispanic ethnicity and reflects a conservative real-world estimate of rotavirus vaccine performance.

Limitations {#H2-9-ZOI190465}
-----------

This study has limitations. Some test-negative case-control studies are affected by case misclassification and by differential health care--seeking behaviors. We have attempted to minimize the misclassification of cases with rotavirus through extensive additional laboratory confirmations. Our methods determined true rotavirus case status of children through EIA analyses, followed by confirmatory RT-PCR assays and nucleotide sequencing. With these laboratory confirmations, we estimate our laboratory results to have 100% sensitivity in detecting true rotavirus cases and 98.4% specificity, within the Rotaclone specificity estimate of 92% to 100%.^[@zoi190465r26]^ Previous analyses on a subset of these data^[@zoi190465r11]^ have indicated that the test-negative controls with AGE whom we used are the optimal control group for our design, despite the possibility of some residual differences in health care--seeking behavior.

Conclusions {#H1-5-ZOI190465}
===========

Our US rotavirus vaccine effectiveness estimates for 2010 through 2016 support the overall theme that RV5 and RV1 rotavirus vaccines perform consistently well, especially in the inpatient setting, with more severe infections, and among younger children. However, postlicensure-era dynamics in incidence, severity, and age pose challenges in interpreting vaccine effectiveness in a mature rotavirus vaccine program. Our analyses demonstrate that relying only on rotavirus test-positive surveillance data, without considering the underlying factors of age and clinical severity, could potentially misgauge the true measurements of rotavirus vaccine performance.
